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The fundamental Higgs doublet may be replaced in the Standard Model by certain non- 
perturbative four-quark interactions, whose effect is to induce a composite Higgs sector responsible 
for electroweak symmetry breaking. A simple composite two-Higgs-doublet model is presented. The 
four-quark interactions arise naturally if there are either extra spatial dimensions or larger gauge 
symmetries at a multi-TeV scale. Some theoretical and phenomenological implications of these 
scenarios are discussed. 



I. MOTIVATION 



The fundamental interactions observed so far in experiments are the SU(3)c x SU(2)w X U(l)y gauge interactions 

■ acting on three generations of chiral fermions, measured at length scales larger than 1CP 16 cm, and the universal 
gravitational interactions, measured at length scales larger than about 1 mm. In addition, it is necessary that some 
new interactions break spontaneously the electroweak symmetry. In the Standard Model these new interactions involve 
a fundamental Higgs doublet, which is a convenient but rather ad-hoc assumption. It is troublesome that the Higgs 
mass is not controlled by gauge invariance. The same remains true for the Supersymmetric Standard Model, where 
the fj, term is not determined by the supersymmetry breaking scale. Although this problem may be cured by the 
presence of a new gauge group whose breaking is linked to the transmission of supersymmetry breaking Q , it remains 
desirable to investigate other origins of the electroweak asymmetry of the vacuum. 

■ It is remarkable that the electroweak symmetry may be spontaneously broken without the need for new fields. 
(-h , This is possible because the electroweak symmetry is embedded in the chiral symmetry of the quarks and leptons. 
Qh Given that strongly coupled four-fermion interactions induce chiral symmetry breaking it is possible to replace 
O ' the fundamental Higgs doublet by certain four-quark operators (^Q. However, a computation of the W and Z masses 

in the large N c limit indicates that the electroweak breaking quark mass should be of order 0.5 TeV in the absence 
of excessive fine-tuning. It would be tempting then to consider a fourth generation of fermions, but this is disfavored 
. £h j by the current electroweak data (at the 99.8% confidence level || in the case of degenerate fermions). 

There is a simple solution to this puzzle: to introduce a seventh quark, \, whose left and right components transform 

■ as the right-handed top quark, tu, under the Standard Model gauge group. In this case, there is mass mixing between 
X and t. The electroweak breaking xr^l mass induced by four-quark interactions can be of order 0.5 TeV, while the 
electroweak preserving masses xrXl and i^XL may be chosen to yield the physical top mass at 175 GeV. This is the 
top condensation seesaw mechanism || . 

A consequence of this scenario is the existence of several composite scalars. If the four-quark operators involve only 
the xr and the (i, 6)l doublet, then the low energy theory is the Standard Model with a heavy Higgs boson [Q. On 
the other hand, if the t, b and x participate in the four-quark interactions, the composite Higgs sector includes three 
weak doublets and three singlets 0. Due to the mixing between the doublets, one of the neutral Higgs bosons may 
be light. In fact there is a second order phase transition from the electroweak asymmetric vacuum to a non- viable 
vacuum, in which the lightest Higgs mass vanishes. Therefore, in this case the only lower bound on the Higgs mass 
is set by direct searches. 
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By contrast to other mechanisms for dynamical electroweak symmetry breaking, this framework reduces to the 
Standard Model in a decoupling limit. For example, in the three-Higgs doublet model mentioned above, one can 
increase the masses of all the composite states other than the lightest Higgs boson, by increasing the scale of the four 
quark operators and the x mass while keeping the VEVs close to the boundary of the second order phase transition. 
This guarantees that the models of this type are in agreement with the electroweak precision measurements (at least 
as long as the Standard Model is in agreement). A simpler model, with a composite Higgs sector involving only two 
doublets, which reduces to the Standard Model in the decoupling limit is presented in Section II. 

These arguments show that the fundamental Higgs doublet from the Standard Model may be successfully replaced 
by a vectorlike quark and four-quark interactions. Such a theory is non-renormalizable, so that one has to identify a 
suitable origin of the four-quark operators. They may be generated by the dynamics of some spontaneously broken 
gauge group. The prototypical group of this sort is topcolor ||, which is an embedding of SU(3)c in SU(3) x 5i7(3). 
Models of this type are discussed in |6|,[?J . Other embeddings have been introduced in Ref. . A complication of 

this approach is that the breaking of the additional gauge groups is non-trivial because of their strong couplings. 

Another possibility is that the four-quark operators are induced by some gauge dynamics in compact spatial 
dimensions frH| . There are two immediate reasons that make this possibility attractive. First, from a four-dimensional 
point of view, the gauge bosons that have a non-zero momentum in the extra dimensions appear as massive, so that 
they induce four-fermion operators in the low energy theory without the need of breaking the gauge symmetry. Second, 
the gauge coupling is dimensionfull in more than four-dimensions such that the strength of the gauge interactions 
increases with the energy, giving rise to non-perturbative effects |l2| . 

In addition, the compact spatial dimensions may provide a special bonus. To see this note that the existence of a 
fundamental x quark may be seen as artificial as the Higgs sector in the Supersymmetric Standard Model because its 
mass is not controlled by gauge invariance. However, if the tn propagates in the extra dimensions, the four-dimensional 
fundamental x may be replaced by the Kaluza-Klein excitations of tu. 

The possibility of electroweak symmetry breaking due to dynamics in extra dimensions is discussed in section III. 



II. A VIABLE COMPOSITE TWO-HIGGS-DOUBLET MODEL 



Certain features of the models introduced in Ref. (jj may be combined to construct a minimal composite Higgs model 
that has the Standard Model as a decoupling limit. The only fundamental fields are the SU(3)c x SU(2)w x U(1)y 
gauge bosons, the three generations of chiral fermions, and a weak-singlet vectorlike quark, x, of electric charge 2/3. 
Since the XLjXR an d tR transform in the same representation of the Standard Model gauge group, the Lagrangian 
includes the following gauge invariant mass terms 

Anass = -VxxXlXR ~ ^xtXh^R + h - C - (!) 

An attractive interaction between xr and f/'E = (t, b) l gives rise to a bound state with the quantum numbers of 
a Higgs field. In order to keep the tj}\ field in the low energy theory, this interaction has to be non-confining. By 
increasing the strength of this interaction, the Higgs field becomes more deeply bound, until it develops a VEV. 

The simplest interaction of this sort is a four-quark term in the Lagrangian. For breaking electroweak symmetry 
it is sufficient that the four-quark operator involves the XR an d the i/'E @- I n this case, the mass of the composite 
Higgs boson is determined by the electroweak scale, and is large, close to the upper bound allowed by unitarity and 
triviality. On the other hand, if the also participates in the four-quark interaction, then the relation between the 
Higgs mass and the electroweak scale disappears. This is the consequence of the mixing between the two composite 
Higgs doublets that are present in this situation. Therefore, the Standard Model with a Higgs boson mass constrained 
from below only by direct searches, may be obtained in a certain decoupling limit from a theory which includes the 
following four-quark operators: 
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These interactions give rise below the scale M to two composite Higgs doublets: H t = iijVE and H x = Xr^l- 
The Lagrangian for the composite Higgs fields^ valid below the scale M, includes kinetic terms involving the usual 
covariant derivative, Yukawa couplings of the scalars to their constituents, and a scalar potential: 



C H = {D^Ht){D^H t ) + (D»Hl)(D^H x ) + (Zti? L t R H t 



3 

ix^LXR^x 



V(H t ,H x ) 



(3) 



The potential, V , and the Yukawa couplings, £t, £ x , can be determined as an expansion in 1/N C . Although in practice 
the number of colors is only N c = 3, there is no reason to believe that the corrections to the leading order in 1/N C 
change the results qualitatively. Furthermore, certain important features such as the existence of a second-order phase 
transition are independent of the 1/N C expansion In the large- N c limit, there are contributions (see Fig. 1) to 
the kinetic terms and to the following scalar terms: 



V{H u H x ) = ±\{H\H t f + {H x H x ) 2 



■mtn x \ 2 



MlH\H t 



Mfj HIH 



x H x+ Vxx^xt 



(4) 



tR,XR 





FIG. 1. Higgs self-energy and quartic couplings induced in the large- N c limit. 

The quartic coupling A, the scalar masses, My t , Mh , and the Yukawa couplings are scale dependent parameters. 
Their values at a momentum scale [i are determined by the matching conditions at the scale M, namely that all of 
them blow up because the Higgs fields are no longer degrees of freedom above M. Also, the exchange of the Higgs 
fields should give rise to the four quark interactions (0), so that at the scale M 



9lt_ 
M 2 



g ix 
M 2 



Ml 



(•5) 



Computing the diagrams of Fig. 1 with a momentum cut-off M, gives for \i <C M the following results 0: 



6 = & = 



4tt 



^iVcln (M 2 /n 2 ) 



(6) 



2M 2 



\n(M 2 /^ 2 ) \N c g^ 



2/x 



2 

XX 



(7) 



From the expression for the masses it follows that as the four-quark couplings g^ t 
second order phase transition (or at least a weakly first order one). Note that in addition to the terms displayed in 
Eq. (0), the potential includes higher dimensional terms and sub-leading terms in [i/M, which may be neglected. The 



1 Some related composite two-Higgs-doublet models have been studied in (l5| 
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H\h x term is appropriately included in V because for g^ t x close to the critical value, the |Afjy ( ^ | squared masses 
may be comparable or smaller than /i xx /i xt . In the presence of this term, the two doublets acquire aligned VEVs for 
a range of g\ tx . 

i / v cos 8 \ 

( H t) = ~m I „ I > (H x ) = I „ ' I • (8) 




V2\ 

where the electroweak scale, v « 246 GeV, and tan/3 are determined from the minimization conditions as functions 
of Mfj t /A and fj, xx fx x t/X- The top quark mass is given by the smaller eigenvalue of the t — \ mass matrix: 



( ^t vcos l 3 7f£x usin/3 \ 
V Mx< Mxx / 

For example, when tan 8 ^> 1 the top mass is given by a seesaw relation: 



(9) 



Note that ^ x v/^/2 ~ 0.5 TeV, as mentioned in Section I. The lightest CP-even neutral Higgs boson has a squared-mass 



ML = Xv 2 + Ml + Ml - 



2 cos 2/3 + Mjj t — M^h x J + { — sin2/3 + 2 MxtMxx 



-, 1/2 



(11) 



Consider the following decoupling limit 

M Ht ,M Hx ,ii xx >/x~u . (12) 

This limit implies a fine-tuning of the mass parameters in the potential such that the two VEVs remain fixed when the 
masses increase. Eqs. (^) and (R) remain valid provided M 3> fj, xx /fi. It is clear that a tuning of Mjj t x , fJ- X x an( l ^x* 
allows the ft, to remain light, while the other physical scalar masses decouple. Therefore, in this decoupling limit the 
composite Higgs sector reduces to the Standard Model Higgs. In actuality it is not necessary to tune the parameters 
more finely than a few percent in order to keep the corrections to the electroweak observables in agreement with the 
data (the main constraint comes from the p parameter |6]]7|,|l4|| ) . 

With the electroweak symmetry broken correctly and the top quark mass accommodated as shown above, it remains 
to produce the masses and mixings of the other quarks and leptons. In the effective theory below the scale M, these 
are easily generated by perturbative four-fermion operators which induce Standard Model Yukawa couplings. For 
example, the operators 

^ («!) (^4) (is) 

induce Yukawa couplings between H x and the charged lepton fields, l L and e l R , (J, k are generational indices). These 
four-fermion operators and the non-perturbative four-quark operators that produce the Higgs bound states have to 
originate in physics above the scale M. Another possibility for fermion mass generation is to extend the seesaw 
mechanism to all the quarks and leptons ||. 

III. GAUGE DYNAMICS IN COMPACT SPATIAL DIMENSIONS 

The non-perturbative four-quark operators introduced in Section II may arise naturally in the presence of compact 
spatial dimensions Jrij . Although this is a rather general statement, it is instructive to discuss it from the perspective 
of string theory. 
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String (or M) theory predicts the existence of 16 or 32 conserved supercharges, and six (seven) extra spatial 
dimensions at the string scale M s . It has been traditionally assumed that i) M s is close to the Planck scale, ii) 
the extra dimensions are compactified at M s , and iii) N — 1 supersymmetry is preserved all the way down to the 
electroweak scale. All these assumptions are consistent with a perturbative string picture. However, the recent 
progress in understanding non-perturbative string dynamics raises questions about these three assumptions. 

First, it is natural that the string scale M a is lowered down to the GUT scale [fL6| , and in fact it can be placed 
anywhere below the Planck scale, with a lower bound set by phenomenology in the TeV range p7| . A remarkable 
realization of this idea [|l8| is based on the observations that there may be compact dimensions as large as 1 mm 
provided they are accessible only to gravitons, and that the scale where gravity becomes strong is suppressed by the 
volume of the compact space. The restriction of matter and gauge fields to a surface in extra dimensions is permitted 
in string and M theory by the existence of branes. 

Second, extra dimensions accessible to both gravitons and gauge bosons may also have compactification scales as 
small as a few TeV []l!|, and in principle could be somewhat larger than M" 1 . 

Finally, non-perturbative string effects may break supersymmetry completely at the M s scale. For example, a 
general manifold does not preserve any supercharge, so that if some of the spatial dimensions have the compactification 
scale at M s , the low energy theory may be a non-supersymmetric field theory 

Of course, string theory is still plagued with phenomenological disasters, such as the cosmological constant problem, 
the existence of potentially massless moduli, or the inability of predicting the Standard Model at low energy. However, 
these problems might be solved in the future. Until the non-perturbative string effects will be better understood, it 
is useful to adopt a phenomenological approach, and to investigate various scenarios for physics beyond the Standard 
Model inspired by the above considerations regarding string theory. 

A commonly used assumption for allowing chiral fermions in the four-dimensional theory obtained upon dimensional 
reduction, is that a quantum field theory may be defined on an orbifold, which is a space with singularities. This 
assumption, made a long time ago 19 and reinvigorated by the S 1 jZi compactification of M theory |^] , has been used 
to study supersymmetry breaking pjj , gauge coupling unification p2] j, and other phenomenological and theoretical 
issues p3| , p^ | regarding extra dimensions. It is not clear whether the string dynamics may be treated below M s as 
pure quantum field theory in a higher dimensional space, especially since the separation between the compactification 
scale and M s is not large, but one can assume that this is the case and investigate the consequences. 

The above considerations have a striking connection with the composite Higgs models: the required four-quark 
interactions may be induced by gauge dynamics in extra dimensions. The physical picture employed here is that the 
eleven-dimensional spacetime of M theory includes three flat spatial dimensions and seven compact dimensions with 
a sufficiently large volume to allow M 8 much below the Planck scale. The gauge fields are restricted to a region of 
this space which includes the three-dimensional flat space and has a thickness larger than M s _1 in 5 extra dimensions. 
In this case, the gluons that have zero momentum in the extra dimensions correspond to the massless QCD gluons, 
while the ones with non-zero momentum in the extra dimensions are massive gauge bosons from a four-dimensional 
point of view, with a spectrum given by 



M 2 \p (u) 



1=1 

where Ri are the compactification radii of the d extra dimensions, and ni are the Kaluza-Klein (KK) excitation 
numbers. If the quarks propagate only on the three-dimensional boundary of the 3 + 5 space accessible to the gluons 
(this corresponds to the fixed point of an orbifold), then the couplings of the KK modes of the gauge bosons to the 
quarks and leptons are identical (up to an overall normalization) with those of the Standard Model gauge bosons. 
Therefore, the tree level exchange of the gluonic KK modes induces flavor universal four-quark operators in the low 
energy theory: 

EE^I^fe^,) , as) 

1=1 n,>0 n l>-W V q J 
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where q are all the quark fields, T a are the SU (3)c generators, and g s is the QCD gauge coupling. The sum over KK 
modes should be cut off at modes of mass ~ M s . The left-right current-current part of ££ ff has the same form (due 
to a Firz transformation and the large- N c limit) as the operators that produce scalar bound states, while the other 
parts of ££ ff do not contribute in the large- N c limit to the scalar potential. 

It is clear that for a sufficiently large number of extra dimensions, the number of KK modes, N^Ki grows to the 
point where the attractive interaction between the quarks is strong enough to trigger electroweak symmetry breaking. 
In practice, the sum ([l5]) is super-critical for 8 = 4 dimensions of size ~ 2/M s . This result [[llj is derived at tree level, 
so that it may be modified when loops are included. However, the qualitative picture appears to be robust. 

Since the gluon couplings are flavor universal, all the quarks participate as constituents in scalar bound states. The 
VEVs of these scalars may be controlled by additional interactions. For example, the KK modes of the hypercharge 
gauge boson give rise to four-quark interactions which are attractive for the up-type quarks and repulsive for the 
down-type ones. Therefore, the scalars made up of up-type quarks are the most strongly bound and they will be the 
only ones with non-zero VEVs provided the flavor universal interactions are close to criticality. Furthermore, some 
flavor non-universal interactions should prevent the bound states involving the up and charm quarks from developing 
large VEVs. Such interactions, as well as the perturbative four-fermion terms that should induce the light quark and 
lepton masses, could be accommodated by various flavor physics scenarios above the compactification scale pq] . 

It is convenient to assume that M s corresponds to the scale where the perturbative expansion in a s NxK breaks 
down, which is usually larger than the compactification scale by less than one order of magnitude. Given that the 
compactification scale corresponds to the scale M of the four-quark operators, which is most likely in the 10 — 50 TeV 
range, the string scale is expected to be M s ~ 0(100) TeV. The compact space accessible to the gravitons has in this 
case a seven-dimensional volume of order (10 GeV) -7 . 

The framework discussed here can be extended in different directions. For example, instead of using the gluonic 
KK modes for binding the composite scalar states, one can use some new gauge symmetries. Most economical would 
be an anomalous U{1) which leads to the formation of only two Higgs doublets, as in Section II. Another interesting 
possibility is to allow the 4r to propagate in extra dimensions such that its KK modes play the role of x- Some of the 
above arguments change in this case because the couplings of the gluonic KK modes are modified. 

In conclusion, a composite Higgs sector may be provided by quark-antiquark states bound by gluons propagating 
in compact dimensions. If the Higgs sector will be discovered in collider experiments, then the study of the spectrum 
will allow to distinguish the origin of the attractive four-quark interactions: new gauge bosons, or extra dimensions. 
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